Neural stem cells are capable of generating new neurons during development as well as in the adulthood and represent one of the most promising tools to replace lost or damaged neurons after injury or neurodegenerative disease. Unlike the brain, neurogenesis in the adult spinal cord is poorly explored and the comprehensive characterization of the cells that constitute stem cell neurogenic niche is still missing. Moreover, the terminology used to specify developmental and/or anatomical central nervous system regions, where neurogenesis in the spinal cord occurs, is not consensual and the analogy with the brain is often unclear. In this review, we will try to describe the heterogeneity of the stem cell types in the spinal cord ependymal zone, based on their origin and stem cell potential. We will also consider specific animal in vitro models that could be useful to identify the "right" stem cell candidate for cell replacement therapies.
Introduction
Spinal cord injury (SCI) of traumatic or non-traumatic origin is a devastating neurological condition, with severe motor disfunction and other deficits. Recent advances in SCI research have enabled development of different therapeutic strategies trying to counteract the detrimental consequences of the processes involved in secondary injury, or trying to replace damaged or lost neurons at the place of injury, using cell transplantation therapies as reviewed recently in (1) (2) (3) . However, the clinical translation of the therapeutic strategies with substantial benefits for patients has thus far been elusive, setting the necessity for better understanding of both molecular and cellular mechanisms involved in the pathophysiology of the SCI and stem cell biology.
Neural stem cells (NSC) are promising source of donor cells that could be used in cell transplantation strategies to overcome the incapacity of the central nervous system (CNS) to repair and regenerate after injury. Because of their limited accessibility and ethical concerns regarding the use of human embryonic stem cells (ESC), induced pluripotent stem cells (iPSCs), from which patient-specific NSC could be produced, offer the exceptional opportunity for development of personalized cell replacement therapies (4) (5) (6) (7) . Generation of the human iPSCs was first reported in 2007, only one year after the remarkable discovery that murine fibroblasts can be reprogrammed into pluripotent cell state (8, 9) . Since then, research in the field had enormous growth and iPSCs have also been widely considered for the treatment of the SCI (3, 10) , with the first-in-human clinical study to launch for subacute SCI (11) .
However, several concerns have arisen regarding their clinical use, related to the reprogramming method (alternatives to viral vectors are necessary) and the low efficiency for both reprogramming rate and differentiation yield. Probably, the most important issue is the fact that the reprograming procedure, with high number of passages in vitro required to reach pluripotent cell state, carries high risk of generation of new mutations. This can lead to tumorigenesis in addition to retainment of patientspecific mutations (6, 12) . Chemical reprogramming with small molecules, mostly epigenetic modulators, succeeded to produce iPSCs in mice (13) , as well as chemically induced NSC (14) and neurons (15, 16) . Transdifferentiation, i.e. direct conversion of somatic cells into another differentiated CNS cell lineage occurs without induction of pluripotency by gene delivery and is therefore considered safer for clinical application than STEMedicine 1(1). JAN 2020. human iPSCs.
Valid alternative to the cell transplantation strategies is the use of endogenous spinal cord stem cells to replace the lost or damaged neurons in loco (without need of transplantation). The endogenous spinal cord stem cells are tissue-specific stem cells, already committed to neural phenotype. Therefore, there would be no need for them to reach the pluripotent state. The ideal solution would be to instruct those cells to produce new neurons that will integrate into existing networks, by controlling their differentiation mechanisms.
The premise for the use of endogenous stem cells is their complete characterization and deep knowledge of the reprogramming mechanisms. The characterization of spinal cord stem cell niche(s) is still incomplete in terms of cell types, for most of which the exclusive markers are missing, and in terms of their differentiation potential and their localization. Moreover, to favor neuroregeneration after SCI or neurodegenerative diseases, it is necessary to unblock the inhibitory components in the extracellular space and possibly, to also "reprogram" glial cells to favor the regeneration-permissive anti-inflammatory phenotype (17) (18) (19) (20) .
Here we will describe what is known about the cellular composition of the spinal region around the central canal, which is considered stem cell niche that persists in adulthood. This region is composed of heterogeneous cell populations, some of which are still not fully identified (21) . This heterogeneity arises very early in the development and therefore it is crucial to track and unveil the developmental origin of each of those different cell subtypes, in order to exploit them for therapeutic purposes.
Overlapping stem cell terminology
There are many terms used to describe a variety of cells that appear during highly dynamic developmental processes of cell proliferation and differentiation. Specific terms are assigned to particular developmental stage of a particular CNS region and in a particular animal species. Neurogenesis during development and adulthood is best characterized in the cortex. Although this knowledge could be applicable to other CNS regions (22) , including spinal cord, the differences and the analogy are not completely clear and there are still ongoing debates.
NSC is the generic and most frequent term to describe multipotent stem cells that can generate all four CNS lineages with ectodermal origin: neurons, astrocytes, oligodendrocytes and ependymal cells (22) (23) (24) . The term "neural" denotes the loss of pluripotency, characteristic of ESC or iPSCs only. NSC are found in both developing and adult nervous system. By definition, NSC are precursors of neurons and glia and therefore should be identical to neural progenitor (or precursor) cells (NPCs) (22) . However, some researchers distinguish NPCs as cells with limited self-renewing capacity, contrary to NSC, considered to have prolonged self-renewal and broader differentiation potential (21, 25) . The combined term stem/ progenitor cell (SPC) has also been used (26) (27) (28) .
Moreover, very often there is a "transitory" stem cell state: for example, NSC or NPC can give rise to distinct subpopulation of neuron and glial precursor cells, respectively. These transit amplifying cells (22) or intermediate progenitor cells (IPC) are considered to be multipotent stem cells, able to generate neurons (nIPC), astrocytes (aIPC) and oligodendrocytes (oIPC) (22) or bipotent (29) as well as unipotent stem cells, expressing transcription factor Tbr2, capable of generating neurons only (30) (31) (32) . IPC in developing cortex are also called basal progenitors (25) indicating their anatomical position. In addition to these two currently interchangeable terms, several other adjectives such as subependymal or extraventricular, abventricular, non-surface, subventricular, etc. (33) were used to describe these mitotic NPCs.
The term "basal progenitor" unavoidably leads to radial glia (RG), "universal" precursors of all CNS cell types of the neuroectodermal lineage. RG are therefore both NSC and NPC (22, 33) . They develop from neuroepithelial cells (NEC) or neuroepithelial progenitors (25) early in embryonic development, at the onset of neurogenesis (E9/E10 in mouse) (22, 25) and generate mitotic NPC or IPC by asymmetric division. RG morphology is typically bipolar: one long process that projects radially and reaches pial (outer) surface while the shorter one faces the lumen of the ventricle; cell body is confined to the apical region that will become the ventricular zone (VZ) (25) . For a long time they were seen solely as scaffolds, i.e. structural support for neuronal migration, while now their neuroand gliogenic potential is widely accepted (34) (35) (36) .
Some researchers consider them to be present only during embryonic development and absent in the mature brain (37) , while others identify them as adult NSC (23, 35, 38) or similarly, consider that the adult NSC are "RG-like" (33, 38) . Although RG are historically described as fetal glia (33) , indicating their glial nature, and because of the presence of the glial fibrillary acidic protein (GFAP), astrocyte-specific glutamate transporter (GLAST), glutamine synthetase, S100β or vimentin expression (21, 34, 39) , they are sometimes classified as astrocytes' subtype (37) . RG are heterogeneous cell population consisting of bipolar apical progenitors, confined to the VZ, and basal RG that migrate away from VZ, also named translocating, transitional, transforming or intermediate RG (33) . Late neurogenesis is followed by gliogenesis around E17.5 in mouse (25) which continues postnatally. During gliogenesis, bipolar RG progressively become uniand multipolar, assuming astrocytes' morphology (22) .
In summary, the present NSC terminology reflects the intrinsic complexity and heterogeneity of developing CNS cells. There is however a need for consensus and clear, unified terminology (33) .
Recently, single cell biology, with single cell transcriptomics in particular, is emerging as a revolutionary field that questions our traditional views on distinguishing between cell type and cell state (29) . In the proposed model, called 'periodic table of cell types', where cell types are defined according to their transcription factors' expression profile, the sequence of events, i.e. cells that appear during CNS STEMedicine 1(1). JAN 2020. development, is: NSC, NPC, RG, IPC, ending with differentiated cells (neurons, astrocytes, oligodendrocytes and EC) (29) , as summarized in Figure 1A . NSC and NPC both belong to "stem cell phase" while RG and IPC are considered to be in "differentiation phase", according to this model. In Figure 1B , the most frequently used (and overlapping) terms are shown and a more inclusive version is proposed.
Most of our knowledge about developing and adult NSC niches comes from studies in the cerebral cortex, and in the next section we will try to apply this knowledge to the spinal cord.
Spinal cord central canal stem cell niche
In the spinal cord, unlike the cortex, NSC are less well understood. The pool of stem cells is considered to be mainly confined to the region surrounding the central canal, with EC representing a main cell type. Stem cells are also found dispersed in the spinal cord tissue outside the ependymal region, with more restricted proliferative potential (21) .
The ependymal region is composed of different cells facing the lumen as well as cells in subependymal position, reminiscent of pseudostratified epithelium. The important difference, when compared to the brain, is the absence in the spinal cord of the distinct subependymal layer such as subventricular zone (SVZ) (21, 26) . Moreover, in vivo neurogenesis in the adult spinal cord has not been reported yet. For a long time, the region surrounding the spinal central canal was thought to be composed of a single layer of densely packed ciliated and cuboidal, epithelial-like secretory cells (21, 23, 40) , while today it becomes clear that these cells are not homogeneous at all: in addition to EC, still uncharacterized cells with unknown function exist (21) .
EC, together with astrocytes, oligodendrocytes and microglia, are one of the four main types of (neuro) glia (41), although sometimes are included into astroglia (37) . EC are cells of neuroectodermal origin, deriving from proliferating NEC around the central lumen of the caudal neural tube, from which the central canal and spinal cord develops. At the onset of neurogenesis, NEC will give rise to RG (40, 42) , and at that stage NEC are already heterogeneous cell population in terms of stemness and differentiation potential (21) . In the brain, RG give rise to EC between E14-E16 in mouse, while in the spinal cord they seem to appear later, earliest at E15.5 (and around E18 in rats) (40, 43, 44) . Even though EC are generated during embryonic age, their differentiation and maturation, characterized for example by the formation of cilia, occur only after birth, in the first postnatal week (32) . Proliferation of ependymocytes continues for several weeks after birth, necessary for the extension of the growing spinal cord. At 9 weeks after birth in mouse and 12-13 weeks in rats, the spinal cord stops elongating, cell proliferation stops and EC enters a quiescent state (21, 28, 40) . Adult ependymocytes in the spinal cord face the lumen of central canal and, as those of the brain ventricles, produce cerebrospinal fluid (CSF) and regulate its composition and movement. The adult ependymal region is composed of lateral and polar domains. In addition to the cuboidal ependymocytes, distributed laterally, another cell type is present: tanycytes, also referred to as radial ependymocytes or radial ependymal cells (21) . Their cell body is situated in ependymal or subependymal region, the apical process is in contact with CSF and the long basal process with blood vessels. Their main functions are uptake and transport of substances (regulation of CSF composition) as well as regulation of vasodilatation of spinal cord vessels, as indicated by the expression of vasoactive intestinal polypeptide (VIP) (21) .
Tanycytes are also found in polar domains of the central canal where high number of cells present radial morphology and express GFAP. This third cell type is known as radial dorsal cells or dorsal tanycytes or ependymoglial cells (21, 45) . In common with all EC of the central canal, they express nestin and VIP, while with ependymocytes share SOX2 and vimentin expression. Subpopulation of these cells show additional expression of NSC markers such as BLBP and CD15 (21) . Moreover, expression of transcription factor ZEB1, a mesenchymal cell marker, was reported (28) .
GFAP+ cells, with shorter basal process and in smaller number, are also found in the ventral part of the central canal and occasionally in lateral part, with cell bodies placed in subependymal region (21) . In addition to different EC, there are also sporadically distributed neurons that send projection in the central canal having their soma situated in ependymal or subependymal region, called CSF contacting neurons and finally, some still unidentified cells are observed (21, 40) .
As can be noted, ependymal region of the spinal cord is composed of a variety of cells with distinct morphologies and with significant overlap in expression profiles between different cell types, which represent a challenge in proper classification. For instance, tanycytes are considered to be a subtype of ependymal cells in the mouse spinal cord (21, 45) , but evidences showing differences in the expression profile of the better-characterized brain counterparts have emerged (40, 45, 46) . Moreover, their similarity with RG (both share radial morphology and express common markers that persist in the adult spinal cord) makes the distinction between different ependymal cell types less clear.
Are EC/ependymocytes stem cells?
The presence of NSC markers such as SOX2, CD15, CD133, nestin, vimentin, BLBP, GFAP and others (21, 40, 45) in the adult ependymal region opens another controversial issue: are EC adult NSC of the spinal cord? Do RG (or RG-like cells) persist in the adult spinal cord? Why adult neurogenesis in the spinal cord is more limited than brain neurogenesis?
The central canal is considered spinal cord stem cell niche but the degree of "stemness" of ependymocytes is still discussed. In the brain, the most accepted view is that the only in vivo proliferating NSC/NPC capable of neurogenesis are B1 cells, RG-like subpopulation of astrocytes in the SVZ (25, 32, 33, 43, 47) . Therefore, EC of the brain are not considered to be NSC but rather unipotent cells (47) .
After injury, ependymal cells become activated, proliferate, migrate and differentiate into astrocytes and oligodendrocytes, contributing to scar formation (21, (26) (27) (28) 45, 48) .
In the spinal cord, both ependymal (48) and GFAPpositive RG-like dorsal cells (21, 49) were investigated as putative stem cells despite the reports in which adult rodent spinal cord EC were defined as postmitotic cells (43) .
In addition to the expression of NSC markers observed in vivo, in vitro experiments indicated different differentiation as well as proliferative potential of EC. In vitro stemness is evaluated with a "neurosphere assay": NSC of particular brain or spinal cord region are dissected, dissociated and cultured usually in suspension, in the presence of basic fibroblast growth factor and epidermal growth factor. After several days in culture, free-floating (neuro)spheres are formed and can be further dissociated and replated in either proliferative condition (generating secondary neurospheres) or induced to differentiate, offering the way to asses their in vitro differentiation potential. This assay was first developed in early 1990s (50) and also became one of the most frequently used. Despite its notable utility, it should be kept in mind that the in vitro differentiation potential could differ from the in vivo one, since the extracellular environment strongly influences cell behavior. Moreover, not all NSC are efficiently amplified in vitro (quiescent NSC or the specific NSC/ NPC subpopulations present in very low number could not generate neurospheres) and not all neurospheres are derived from NSC [for a review see (51)].
This assay has also provided one of the first evidences that cells in adult spinal cord generate multipotent neurospheres (48, 52) with both neurogenic and gliogenic potential, and this NSC property was explicitly assigned to EC (48) . However, at that time, the ependymal layer was thought to be composed of homogeneous cell population, and in the same year (1999) another study showed that neurosphere-forming cells in SVZ were not EC, but astrocytes (also known as B1 cells), and that EC did not divide in vivo (53) . Moreover, brain ciliated EC were defined as unipotent cells capable of forming neurospheres, but with gliogenic instead of neurogenic potential (47) . The critical role of extracellular environment was further demonstrated when spinal cord-derived dissociated neurospheres transplanted in the hippocampus generated neurons, while those transplanted in the spinal cord became only glial cells (54) . The explanation of the contrasting results obtained in the last two decades is still missing and further investigations are necessary to understand the stem cell potential of the ependymal region of the spinal cord.
Opossum model to study ependymal spinal cord SPC
In contrast to invertebrates and lower vertebrates, mammals have extremely reduced ability to regenerate spinal cord after injury. One of the exceptions are marsupials, such as opossums, that are born very immature, in an embryonic-like state (PO correspond roughly to E14-15 mouse or rat embryos), and they retain the ability to completely regenerate spinal cord after injury in the first two postnatal weeks (55, 56) . It would be important to understand how the activation, proliferation and migration of EC after injury correlate with their neurogenic potential and postnatal spinal cord regeneration,possible in opossums and impossible in placental mammals. Recently, the transcription factor ATF3 was detected as a potential candidate to regulate SPC quiescence/activation in the spinal EC of rats as well as of the opossum Monodelphis domestica (27) .
Together with currently available knowledge on placental mammals, comparative studies on regenerative species could provide important indications about the exact cell types responsible for the functional regeneration of the CNS tissue, and those results could contribute to provide a missing solution for the effective therapeutic strategy for CNS injuries and neuroregeneration.
Conclusion
Unlike in the brain, adult neurogenesis in the spinal cord is still under investigation, with unclear characterization of spinal SPC. Further efforts should be made to identify the "best" source of endogenous stem cells that could hopefully allow us to develop effective neuroregenerative strategies for SCI and neurodegenerative diseases.
